Abstract. This study using 90 commercial pigs examined the relationships between the handling that pigs received immediately prior to slaughter and some measures of their meat quality. A number of significant correlations were found between the number of negative interactions that pigs received from the stockperson and subsequent meat quality of the pigs. For example, the number of highly negative interactions received by the pigs was negatively (P < 0.01) correlated with plasma glucose concentrations post-slaughter and positively correlated (P < 0.05) with both post-slaughter plasma lactate concentrations and the light reflectance of the ham. Most of these highly negative interactions were prods with an electric goad. Both the number of interactions by the pig with the experimenter in a standard test used to assess fear of humans and the time taken by the pig to move along the final route to the stunning area were positively correlated (P < 0.05) with the number of highly negative interactions received by the pig prior to slaughter. Regression analysis revealed that the number of highly negative interactions received by the pig, plasma lactate concentration, and the time to physically interact by the pig with the experimenter in the standard test were significant (P < 0.001) predictors of ham lightness. These variables accounted for 18% of the variance in ham lightness. It is concluded that there are some important associations between the behaviour of the stockperson and the muscle physiology of pigs. Although no significant associations were found between stockperson behaviour and ham pH, the correlations between stockperson behaviour, plasma lactate and glucose, and muscle lightness reflect increased muscle glycogenolysis, presumably associated with increased handling stress prior to slaughter. Such results indicate the opportunity to manipulate the behaviour of stockpeople prior to slaughter to improve meat quality.
Introduction
Human-animal interactions are a common feature of modern intensive livestock production and these interactions may have marked consequences on animal productivity and welfare. Research, particularly in the pig industry, has shown that the behaviour of stockpeople can limit the productivity and welfare of their livestock (Hemsworth and Coleman 1998) . Although these interactions may appear harmless, this research has shown that the frequent use of some behaviours by stockpeople can result in farm animals becoming highly fearful of humans. It is these high fear levels, through stress, that appear to limit animal productivity and welfare (Hemsworth and Coleman 1998) . Less extensive research has been conducted on human-animal interactions in the dairy and poultry industries (Hemsworth and Coleman 1998; Breuer et al. 2000; Hemsworth et al. 2000) , but this research has generally supported the results of research on human-animal interactions in the pig industry.
Stress, both acute and chronic, prior to slaughter, can affect meat quality in pigs. Muscle pH normally declines from slaughter and reaches its final or ultimate value at about 12 h later (Rees 1999) . Rapid glycogenolysis under the influence of adrenergic mechanisms as a consequence of acute stressors imposed on pigs immediately prior to slaughter will increase muscle temperature, increase lactic acid concentration, and increase rate of muscle pH decline post-slaughter (Moss 1984) , which in turn can lead to pale, soft, and exudative (PSE) pork. In contrast, prolonged stress prior to slaughter by depleting muscle glycogen reserves under adrenergic influences can lead to depleted muscle glycogen concentrations, low muscle lactic acid concentration post-slaughter, high ultimate muscle pH, and dark, firm, dry (DFD) pork (Tarrant 1989) .
Although many stressors act on the pig from the point of leaving the farm until slaughter, one of the major stressors imposed on the animal immediately prior to slaughter is handling by abattoir personnel. Tarrant (1989) proposed that handling immediately prior to slaughter can have a major influence on final pork quality due to the fact that the pigs have no time to recover from stressors imposed on them. D 'Souza et al. (1998a 'Souza et al. ( , 1998b 'Souza et al. ( , 1998c have shown that aversively handling pigs in an experimental setting immediately prior to slaughter can have a detrimental effect on meat quality by increasing the rate of glycogenolysis post mortem, which in turn will increase lactic acid concentrations while muscle temperature is still high and lead to a rapid decline in muscle pH.
The impetus to minimise stress immediately prior to slaughter and indeed at all points of the production chain is also driven by animal welfare concerns. The slaughter of livestock is a particularly emotional issue. Both consumer and general public perceptions of farm animal welfare issues have the potential to markedly affect the sustainability of the livestock industries and all sectors of the livestock industries have a moral and social obligation to minimise recognised risks to welfare.
If the behaviour of stockpeople towards pigs prior to slaughter is stressful to the extent where meat quality and welfare are adversely affected in commercial conditions, there are likely to be opportunities to reduce such limitations. For example, identifying and targetting for improvement those stockperson behaviours that induce fear responses in pigs prior to slaughter may reduce handling limitations on meat quality and animal welfare. An appropriate analogy is the recent research and development programs in the Australian dairy and pig industries in which training programs aimed at improving the key attitudes and behaviour of stockpeople that regulate fear responses in cows and pigs have been shown to reduce fear and improve productivity (Hemsworth et al. 1994 (Hemsworth et al. , 1999 Coleman et al. 2000) . A recent study on stockpeople handling pigs at abattoirs immediately prior to slaughter has shown that a number of attitude and personality variables were predictive of the stockperson's behaviour towards pigs (Hemsworth et al. 2001) . Therefore, the present study examined the relationships between handling prior to slaughter at an abattoir and some measures of muscle physiology indicative of meat quality in pigs.
Materials and methods

Subjects
One hundred Large White-Landrace crossbred female pigs aged 24 weeks from a commercial piggery in south-eastern Australia were used in this study. These pigs were reared indoors in groups of 25-30 pigs in pens with partially slatted floors. The pigs were randomly selected 2 days prior to slaughter in November (spring) 1999 and observed at the farm and also when handled at the abattoir immediately prior to slaughter. Pigs arrived at the abattoir late afternoon following 8 h of transport by road, and following lairage overnight, the pigs were slaughtered in the morning. Pigs were not fed for 24 h before slaughter. The reason given to the stockpeople for conducting this study was that the observations and measurements were part of a study examining the relationships between pig behaviour prior to slaughter and meat quality. Ethics approval was obtained for these procedures, and management of the piggery and abattoir stockpeople were debriefed at the end of the experiment.
The following observations and measurements were taken.
Behavioural response of pigs to humans
Two days prior to slaughter, the approach behaviour of pigs to a stationary experimenter was measured in a standard approach test at the farm to assess the pigs' fear of humans. The test was conducted over 2 days and 2 experimenters, each wearing light brown coveralls and black boots, conducted the testing. One of 2 experimenters was used as the human stimulus in the test and the other recorded the observations. Pigs were individually introduced into a 2.4 by 2.4 m arena to measure their approach behaviour to an experimenter in a standardised test (see Hemsworth et al. 1994) . Following a 2-min familiarisation period alone in the arena, the experimenter (human stimulus) entered and stood stationary against and in the middle of the side of the arena opposite to the entrance. The approach behaviour of the pig to the experimenter was observed for the next 3 min. The experimenter, using a soft-quiet voice, relayed the observations on the approach behaviour of each pig to the person recording these observations. From these data, the following variables (name assigned to the variable is given in parentheses) were calculated:
The number of squares entered in a 4-square grid marked on the floor in the 2-min familiarisation period (SQUARES); The time taken to approach within 0.5 m of the experimenter (TIMETOA); The cumulative time spent within 0.5 m of the experimenter (TIMEINA); The time taken to physically interact with the experimenter (defined as within 5 cm of the experimenter) (TIMETOI); The number of times the pig physically interacted with the experimenter (INTERACT).
Human behaviour immediately prior to slaughter
Two stockpeople were involved in moving pigs from lairage to the stunning area of the abattoir. One of these stockpeople moved pigs with the use of a polypipe from lairage along a central corridor and up a ramp to a forcing pen (Area 1, Fig. 1 ). The second stockperson moved the pigs, with the use of a 0.5-m-long electric goad, from this forcing pen along a race to the stunning area where the pigs were electrically stunned before being exsanguinated and the carcasses scalded, de-haired, and split before entering the chiller. The stunning area was a single race. Cameras were located along the route from the forcing pen to the stunning area to provide video records of the behaviour of the stockpeople and pigs. The study pigs were slaughtered over a 159-min period with a rest break for abattoir workers within this period. With the use of the video records, the behaviour of stockpeople towards pigs was recorded by a trained observer. Human tactile interactions with the pigs were classified as either positive in nature (variable used in analysis was assigned POS), which included pats, strokes, or the hand resting on the back of the animal, or negative in nature, which included slaps, pushes, hits with the hand or an object, and prods with an electric goad. Furthermore, there were 2 types of negative physical interactions recorded: those that were mildly to moderately aversive and these included mild to moderate slaps, pushes, and hits (variable used in the analysis was assigned NEG1); and those that were more aversive and these included hits and prods with an electric goad (variable used in the analysis was assigned NEG2). In the analysis, the 2 types of negative physical interactions (NEG1 and NEG2) were combined to measure overall frequency of negative interactions (NEG12). The location in which the interaction occurred was recorded and thus the number of NEG1 and NEG2 interactions in each area (e.g. in the forcing pen, Area 1: variables NEG1-1 and NEG2-1, respectively) was calculated.
In addition, the interval from when the study group of pigs was first moved from lairage until each pig reached Area 5, which preceded the stunning area (TOTALTIME), was recorded and the times taken to move from each of the Areas 1, 2, 3, and 4 to Area 5 (TIME15, TIME25, TIME35, TIME45, respectively) were recorded (see Fig. 1 ).
Plasma variables
A 10-mL blood sample was collected from each pig from blood streaming from the carotid arteries and jugular veins severed on exsanguination. Blood samples were subsequently analysed for plasma cortisol, lactate, and glucose concentrations (variables used in the analysis were assigned CORTISOL, LACTATE, and GLUCOSE, respectively).
The blood samples were centrifuged immediately after collection and the plasma was stored at -20°C until analysed. Hormone concentrations were determined using commercial radioimmunoassay (cortisol) and chemical assay (lactate and glucose) kits (Orion Diagnostica, Australian Laboratory Services, North Melbourne, Vic., Australia) using the standard supplied. The intra-assay coefficient of variation was 1-5% and the inter-assay coefficient of variation was 2-3% for glucose, 2-5% (intra-assay coefficient of variation) and 2-3% (inter-assay coefficient of variation) for lactate, and 9-10% (intra-assay coefficient of variation) and 6-8% (inter-assay coefficient of variation) for cortisol.
Meat quality variables
The meat quality characteristics of the pig carcasses were assessed by measurement of pH (Jenco 6007 pH meter with a glass electrode, Envirosensors, Sydney) and light scatter using a Fibre Optic Probe ('FOP', Integrated Electro Optics, Barnsley, England) at 6-8 h post-slaughter in the loin (M. longissimus dorsi, at the P2 site) and the ham (M. semimembranosus adjacent to the tuber ischii). More details on these techniques are provided by King (1996) . Variables used in the analysis were assigned HAMpH, LOINpH, HAMLIGHT, and LOINLIGHT. The loin and ham of each carcass were classified as PSE if the muscle light scatter (FOP value) exceeded 45 and pH was less than 5.6.
Statistical analyses
A correlation analysis and a step-wise regression analysis (GENSTAT 5, Lawes Agricultural Trust, Rothamsted Experimental Station, UK) were used to examine the relationships between pig behaviour, interactions received, and the physiological variables. Analysis of variance (GENSTAT 5, Lawes Agricultural Trust, Rothamsted Experimental Station, UK) was used to examine the effects of handling category (presence or absent of forceful negative interactions prior to slaughter) on plasma and meat quality variables. 
Results
Ten of the 100 pigs observed on-farm were not located at the abattoir and therefore were excluded from the analyses. Details of the behavioural responses to humans, human interactions pre-slaughter, and physiological variables of the pigs are presented in Table 1 . No positive interactions (POS) were used by the stockpeople in moving the pigs to the stunning area and the average frequency of moderately negative (NEG1) and highly negative interactions (NEG2) was 8.1 and 2.2 per pig, respectively.
The correlations between pig behaviour, stockperson behavior, and plasma and meat quality variables are presented in Table 2 . The approach behaviour of pigs to the experimenter in the standard test was generally poorly correlated with the plasma and meat quality variables, although the time taken to physically interact with the experimenter in the standard test (TIMETOI) was negatively correlated (P < 0.05) with light scatter of the ham (HAMLIGHT, Table 2 ). The interval from when handling of the study group of pigs commenced in lairage until the individual pig reached the stunning area (TOTALTIME) was negatively correlated (P < 0.05) with plasma cortisol post-slaughter (CORTISOL) and positively correlated (P < 0.05) with plasma glucose post-slaughter (GLUCOSE). TOTALTIME was also negatively correlated (P < 0.01) with light scatter of the loin (LOINLIGHT) and positively correlated (P < 0.05) with the pH of the ham (HAMpH).
A number of the stockperson behaviour variables were correlated with the plasma and meat quality variables ( Table 2 ). The total number of highly negative interactions received by the pig (NEG2) was positively correlated (P < 0.05) with both LACTATE and HAMLIGHT. The number of highly negative interactions received by the pig in the forcing pen (NEG2-1) was negatively correlated (P < 0.01) with GLUCOSE and positively correlated (P < 0.01) with HAMLIGHT. In contrast, the number of moderately negative interactions received by the pig in the forcing pen (NEG1-1) was positively correlated (P < 0.05) with loin pH (LOINpH).
The approach behaviour of the pig to an experimenter was correlated with the physical interactions received by pigs from the stockpeople immediately prior to slaughter (Table 3) . Time spent within 0.5 m of the experimenter in the standard test (TIMEINA) was positively correlated (P < 0.01) with NEG1-1. The number of interactions with the experimenter in the test (INTERACT) was positively correlated (P < 0.01 and P < 0.05) with NEG1-1 and NEG2-1, respectively.
Whereas the approach behaviour of the pig to an experimenter in the standard test was poorly correlated with the movement times to the stunning area (Area 5), the behaviour of the stockpeople was correlated with movement times (Table 3) . NEG1-1 was positively correlated (P < 0.05 and P < 0.01) with TOTALTIME and the time taken to move the pig from Area 1 to Area 5 (TIME15), respectively. NEG2-1 was also positively correlated (P < 0.05) with TIME15 but not correlated (P > 0.05) with TOTALTIME (Table 3) . There was also a number of correlations found between the plasma variables and the meat quality variables. GLUCOSE was negatively correlated with HAMLIGHT and LOINLIGHT (r = -0.21 and r = -0.22, respectively P < 0.05). Plasma lactate concentration (LACTATE) was positively correlated with HAMLIGHT and LOINLIGHT (r = 0.30 and r = 0.22; P < 0.01 and P < 0.05, respectively) and negatively correlated with HAMpH (r = -0.25, P < 0.05). Plasma cortisol was also positively correlated with LOINLIGHT (r = 0.21, P < 0.05) but not with HAMLIGHT (r = 0.13, P > 0.05).
Regression analysis revealed that the variables labelled NEG2-1, LACTATE, and TIMETOI were significant (P < 0.001) predictors of HAMLIGHT (Table 4) . These variables accounted for 17% of the variance in HAMLIGHT and the inclusion of other variables did not increase the prediction of this meat quality variable. The variables TOTALTIME, LACTATE, GLUCOSE, and CORTISOL significantly (P < 0.001) predicted LOINLIGHT, accounting for 17% of the variance. The variables LACTATE and TOTALTIME significantly (P < 0.01) predicted HAMpH, whereas the variables NEG1-1 and LACTATE significantly (P < 0.01) predicted LOINpH (Table 4) .
The variables TIME15 and INTERACT were significant (P < 0.001) predictors of NEG1-1 (Table 5 ). These variables predicted 21% of the variance in NEG1-1 and the inclusion of other pig behaviour variables did not increase the prediction of this stockperson behavioural variable. The variables TIME15 and INTERACT were also significant (P < 0.01) predictors of NEG2-1 but only accounted for 9% of the variance in NEG2-1. The inclusion of other variables did not increase the prediction of this stockperson behaviour variable. A number of pig behaviour variables were significant predictors of the plasma variables, although only small amounts of variation in these plasma variables were accounted (Table 5) . TOTALTIME was predictive of CORTISOL, NEG1-1 and TIMETOA were predictive of LACTATE, and NEG2-1 and TOTALTIME were predictive of GLUCOSE.
To illustrate the relationship between handling received and meat quality, 2 groups of pigs were compared: those pigs that received highly negative interactions in the forcing pen (NEG2-1) prior to slaughter (24% of pigs) with those that did not receive NEG2-1 interactions prior to slaughter (76% of pigs). As shown in Table 6 , pigs that received NEG2-1 had a higher (P < 0.05) ham light scatter score than those that did not receive these negative interactions. Furthermore, 23% of the pigs in the former group were classed as having a PSE condition in the ham, whereas only 4% of pigs that did not receive highly negative interactions were classed as having ham PSE (P < 0.01, Table 6 ). Corresponding with this relationship was a tendency for pigs that received NEG2-1 interactions to have a lower (P < 0.07) plasma glucose concentration post-slaughter than those pigs that did not receive these negative interactions. Pigs that received NEG2-1 interactions were slower (P < 0.05) to move from Area 1 to Area 5 (Table 6 ).
Discussion
A number of significant correlations was found in the present study between stockperson behaviour and some physiological variables, indicative of stress and meat quality in pigs. The number of highly negative interactions received by the pigs in the forcing pen prior to the final race leading to the stunning area was positively correlated with light scatter score of the ham and negatively correlated with plasma glucose. Furthermore, the total number of highly negative interactions received by the pigs in the 5 areas leading to the stunning area was positively correlated with plasma lactate and light scatter score of the ham. These highly negative interactions that the pigs received were mainly prods with the electric goad. These positive correlations between highly negative interactions and ham light scatter score indicate that the frequent use of such negative interactions was associated with increased paleness of the ham. Although ham pH 6-8 h post-slaughter was not positively correlated with stockperson behaviour, the increased ham light scatter score at 6-8 h post-slaughter and increased plasma lactate and reduced plasma glucose concentrations immediately following slaughter associated with increased highly negative interactions are consistent with increased rate of glycogenolysis in the ham. Aversive handling prior to slaughter, as a consequence of rapid glycogenolysis under the influence of adrenergic mechanisms, is expected to result in increased muscle lactic acid concentration and increased rate of muscle pH decline post-slaughter (Moss 1984 ), which in turn should result in pale, soft, and exudative pork. Although no significant associations were found between stockperson behaviour and ham pH, the correlations between stockperson behaviour and plasma lactate and glucose may reflect increased plasma lactic acid and reduced plasma glucose associated with increased stress of negative handling prior to slaughter. The best predictors of ham light scatter score were the number of highly negative interactions, plasma lactate concentration, and the fear variable, the latency to physically interact with the experimenter in the standard test ('TIMETOI'). The implications of reducing the use of the electric goad prior to slaughter are illustrated by the finding that the 23% of the carcasses of pigs that received highly negative interactions in the forcing pen were classed as having a PSE condition in the ham, whereas only 4% of the carcasses of pigs that were not negatively handled were classed as having ham PSE. Muscle pH normally declines from slaughter and reaches its final or ultimate value at about 12 h later (Rees 1999) . Thus the preferred time of measurement of such meat quality characteristics is 12 h post-slaughter, but the practicalities of conducting the present study in commercial facilities precluded measurements being conducted at 12 h post-slaughter. Measurements on meat quality were conducted at 6-8 h post-slaughter and thus measurements at this early stage post-slaughter and variation between animals in the timing of the measurements relative to slaughter (i.e. 6-8 h post-slaughter) may have contributed to an underestimate of any real relationships between human behaviour and meat quality, particularly muscle pH.
Whereas the use of highly negative interactions was correlated with ham lightness and to a lesser extent ham pH, no such relationships existed between these negative interactions and loin characteristics. D 'Souza et al. (1999) suggested that lower muscle glycogen concentrations in the M. biceps femoris than in the M. longissimus thoracis following acute stress may be a consequence of additive effects of stress coupled with increased physical exertion, especially in the leg muscles. Such differential effects may explain the lack of correlations between highly negative interactions and meat quality characteristics in the loin.
The correlations between moderately negative interactions and the ham pH and lightness are dissimilar to those between highly negative interactions and these meat quality variables. Indeed, the number of moderately negative interactions was surprisingly positively correlated with loin pH and there were some moderate but non-significant correlations with ham pH (Table 2) . Low muscle pH post-slaughter rather than high muscle pH post-slaughter is generally associated with increased glycogenolysis. This correlation between moderately negative interactions and loin pH may be explained in terms of moderately negative interactions replacing highly negative interactions, with the former being less aversive to the animals. As discussed above, there may also be differential effects of handling on leg and loin muscles (D'Souza et al. 1999) .
Although the literature is inconsistent, a number of studies have shown that the use of electric goads to move pigs immediately prior to slaughter can rapidly lower muscle glycogen and lactic acid concentrations and muscle pH post-slaughter and, in turn, increase muscle paleness and drip loss and thus the incidence of PSE pork (Grandin 1980; D'Souza et al. 1998a D'Souza et al. , 1998b D'Souza et al. , 1998c . The present results are in general agreement with these findings. In contrast, Guise and Penny (1989) , Hatton and Ratcliff (1973), and D'Souza et al. (1999) reported little or no effects of the use of electric goads on muscle colour. As suggested by D' Souza et al. (1998a) , differences in such factors as the aversiveness of the handling (i.e. intensity of the stressor) and previous handling experience, together with duration of longer term lairage stressors, such as severe fighting after mixing, may be responsible for these inconsistent results. Furthermore, differences between studies in the time of handling relative to slaughter may also be responsible for the variation in results.
Although fear of humans was not correlated with movement times to the stunning area, there were correlations found between fear of humans and the nature of the interactions received by pigs. The best predictors of both moderately and highly negative interactions were the time taken to move from Area 1 to 5 and the number of interactions with the experimenter in the standard test used to assess fear of humans. These relationships indicate that pigs that spent longer in the race prior to the stunning area and were less fearful of humans when tested on-farm, received more negative interactions from the handlers prior to slaughter. It is possible that the pigs that were less fearful of humans received more negative interactions because they remained nearer to the handlers. Indeed there was no correlation between fear of humans and time taken to move from the forcing pen to the stunning area. An expected finding was that pigs that had a greater interval from when the group was first moved in lairage until the pig was slaughtered had lower plasma cortisol concentrations and higher glucose concentrations post-slaughter and less paleness of the ham and higher ham pH. Either habituation or recovery of muscle glycogen concentrations after initial movement in these pigs may be responsible for these apparent improvements in meat quality (Tarrant 1989) .
It is concluded that there are some important associations between handling by the stockperson prior to slaughter and meat quality of the ham. It is interesting that these correlations were most apparent when considering the handling of the stockperson in the forcing pen but not in the race immediately prior to slaughter. Stress effects immediately prior to slaughter may be less influential than those occurring several minutes prior to slaughter when the actions of the catecholamines released during an aversive experience may have had sufficient time to affect muscle physiology and, in turn, meat quality. Alternatively, the stockperson may have more discretion over his or her actions in the forcing area, whereas stockperson behaviour may be more uniform in the race. Nevertheless, these results together with those of Grandin (1980 ) and D'Souza et al. (1998a , 1998b , 1998c indicate the opportunity to manipulate the behaviour of stockpeople prior to animal slaughter to minimise the deleterious effects of stress on the meat quality of commercial pigs. The other important imperative to improve stockperson behaviour in the abattoir relates to animal welfare. Frequent use of the electric goad will result in acute stress (Hemsworth et al. 1981) as a consequence of aversive stimulation associated with its use such as startling, novelty, and pain. The large range in the use of the electric goads (from 0 to 11 per pig immediately prior to slaughter in the present study) at least indicates the opportunity to substantially reduce the use of the goad. More appropriate facility design (Grandin 2000) and improved handling should enable the industry to at least reduce the use of electric goads at abattoirs to situations in which they are judiciously used.
